Abstract: Dumolin-Lapégue et al. (Mol. Biol. Evol. 15: 1321-1331) suggested that recurrent inversions of a 4-bp sequence of the mtDNA nad4-1/2 locus due to intramolecular recombination were responsible for the disassociation of chloroplast and mitochondrial genomes of French oaks. Based on their PCR-RFLP (PCR -restriction fragment length polymorphism) data obtained from three noncoding spacers, a minimum spanning network representing the phylogeny of the cpDNA was reconstructed. The mapping of alleles b and c of the mtDNA nad4-1/2 locus on the cpDNA network revealed a nonrandom distribution, which contradicted the expected patterns when repeated, and ongoing inversions had been occurring. The fact that polymorphisms (a mixed c + d type) were mostly restricted to the interior nodes of the network, which represented ancient haplotypes and geographically coincided with probable glacial refugia in southern Europe, agreed with a migrant-pool model. Evidence of a widespread pattern of polymorphism distribution indicated that mtDNA haplotypes were likely to be more ancient than the cpDNA haplotypes. Lineage sorting, due to relative age of cpDNA vs. mtDNA, plus the specific migratory mode, which recruited colonists from a random sample of resource populations during glacial expansion (thereby extending the lineage sorting period, LSP), may have resulted in the disassociation of chloroplast and mitochondrial genomes in oaks.
Introduction
In oaks, like in many angiosperms, both mitochondrial and chloroplast genomes are maternally inherited (Rebound and Zeyl 1994) . The organelle DNA markers are dispersed by seeds exclusively (Dumolin et al. 1995) . DumolinLapégue et al. (1998) suggested that recurrent intramolecular recombination is responsible for a disagreement between mitochondrial and chloroplast lineages of oaks in southern France based on PCR-RFLP (PCR -restriction fragment length polymorphism) and SSCP (single-strand conformation polymorphism). Nine cpDNA haplotypes, obtained from three noncoding spacers (trnD/trnT, psaS/trnS, and trnT/trnF), were classified as lineages A (haplotypes 7 and 26), B (haplotypes 10, 11, 12, 21, 24, and 25) , and C (haplotype 1) (Dumolin-Lapégue et al. 1997) . The distribution of two mitotypes (c and d) of the nad4-1/2 locus on the cpDNA gene tree revealed a pattern of multiple formation. In contrast, the phylogeny of two alleles of another mtDNA locus (nad1-2/3, a and b), which were distributed in lineage A and lineages B + C of the cpDNA, respectively, was congruent with the cpDNA tree.
The difference between mitotypes c and d was characterized by a 4-bp mtDNA inversion, which was located at the tip of a hairpin. Based on a low deduced free energy change (∆G), Dumolin-Lapégue et al. (1998) suggested that intramolecular recombination leading to recurrent inversions of the 4-bp sequence was responsible for the phylogenetic discordance. In addition, paternal leakage in French oaks was ruled out, although it was demonstrated as having significant effect in other plants (Petit et al. 1993) .
First of all, what is the probability that chloroplast and mitochondrial genomes do not remain associated? DumolinLapégue et al. (1998) argued that both of the maternally inherited organelle genomes should behave as if they are completely linked and are expected to give similar information on dispersal and gene flow by seeds. Congruent patterns have been shown in the cocoa (Laurent et al. 1993 ) and rice (Ishii et al. 1993) . However, aside from the investigation of European oaks, several previous studies did reveal different topologies between cpDNA and mtDNA phylogenies in plants, such as coffee (Berthou et al. 1983 ) and cycads (Chiang and Peng 1999; . It is difficult to evaluate the frequency of the disagreement in natural populations, since mtDNA has hardly been used for phylogenetic reconstruction in plants, due to its conserved nature in nucleotide sequences (Wolfe et al. 1987; Palmer and Herbon 1988; Clegg et al. 1994) . In this short comment, I would like to re-examine the cpDNA and mtDNA inconsistency in French oaks based on the coalescence theory. Although intramolecular recombination could not be simply ruled out, effects of lineage sorting resulting from the relative ages of cpDNA versus mtDNA haplotypes may have a critical role in determining the phylogenetic inconsistency.
Materials and Methods
To obtain insight about the association between cpDNA and mtDNA in French oaks, the phylogeny of the cpDNA haplotypes was reconstructed based on a genetic distance matrix deduced from the PCR-RFLP data of Dumolin-Lapégue et al. (1997) . A neighbor-joining (NJ) analysis using DAMBE software (v. 3.5.19, Xia 1999) as well as a network analysis using MINSPNET (Excoffier and Smouse 1994) were conducted. A minimum spanning network was reconstructed by linking the haplotypes of southern France (i.e., 1, 7, 10, 11, 12, 21, 24, 25, and 26) and the allied haplotypes (2, 3, 4-6, 17, and 18) in a hierarchical manner (cf. Chiang and Schaal 1999) . Confidence of the clades reconstructed was tested by bootstrapping (Felsenstein 1985) with 1000 replicates using unweighted characters. The nodes with bootstrap values greater than 0.70 are, as a rule of thumb, significantly supported with ≥95% probability (Hillis and Bull 1993 ). The mitochondrial haplotypes were then mapped on the cpDNA network.
Results
An unrooted neighbor-joining phylogram, with three lineages A, B, and C, reconstructed in this analysis agrees with the tree drawn in Dumolin-Lapégue et al. (1997) , which indicates an appropriate interpretation of the PCR-RFLP data of the cpDNA in European oaks. In contrast to the conventional tree, in which all operational taxonomic units (OTUs) were arranged at the terminal nodes, the minimum spanning network is composed of both interior and exterior nodes, and thus provides a tool for testing phylogeographic hypotheses (Templeton 1998) . In the network of the cpDNA haplotypes of oaks ( Fig. 1) , interior positions plus their higher frequency within species and populations (cf. Table 2 of Dumolin-Lapégue et al. 1997) indicate that haplotypes of 1, 5, 7, 10, and 17 are likely to be older alleles that have a greater probability of producing mutational derivatives and may represent some relic ancestral genotypes (cf. Crandall and Templeton 1993; Donnelly and Tavare 1986) . These chloroplast haplotypes inhabited geographical areas coinciding with probable glacial refugia in southern Europe, which were determined from the fossil pollen record. Among them, haplotype 17, which was characterized by a central position in the network, was distributed in Italy, the Balkans, and the Caucasus. A history of post-glacial radiation from the above refugia inferred from the pattern of linking between internal nodes and the terminal nodes completely agreed with the phylogeographic hypotheses proposed by Petit et al. (1997) and Dumolin-Lapégue et al. (1998) .
The mapping of the mtDNA alleles of nad4-1/2 on the cpDNA network revealed three compositional types: type c, type d, and a mixed type of c + d (Fig. 1) . The data of Dumolin-Lapégue et al. (1998) indicated combinations between the mixed mtDNA type c + d and the cpDNA haplotypes 1, 2, 10, and 11. The cpDNA lineage A exclusively had the mtDNA type c, and only in the cpDNA lineage B could both mitotypes d and c + d be found (Fig. 1) . At another mtDNA locus nad1-2/3, a rare allele a was associated with the cpDNA lineage A and the haplotype 18 of cpDNA lineage B, which was distributed in Italy.
Discussion
A random distribution of the mixed mtDNA type c + d on the network would be expected if the 4-bp mtDNA inversions occurred recurrently. In actuality, there exists an easy replaceability between alleles c and d of the nad4-1/2 due to the low entropy (cf. Dumolin-Lapégue et al. 1998 ). Apparently, the mixed mtDNA type was located mostly in the internal nodes except for one (haplotype 11), and was absent in the cpDNA lineage A. The biased distribution of the mtDNA nad4-1/2 haplotypes, with higher genetic variation (polymorphism) in the refugia populations and low genetic differentiation at this locus between populations, indicated a migrant-pool model (Wade and McCauley 1990) in European oaks, which describes a migratory pattern with colonists recruited from a random sample of all the other populations. According to the geological evidence, ice ages have occurred at regular intervals of 100 000 years followed by a 20 000 -year warm period (Milankovitch cycles) (cf. Bennett 1990) . During the glacial expansion, many tree species of Eurasia, including conifers (e.g., Abies, Tsumura and Suyama 1998; Cunninghamia, Chiang and Peng 1999) and angiosperms (e.g., Alnus, King and Ferris 1998; Fagus, Demesure et al. 1996; and Quercus, Dumolin-Lapégue et al. 1997; , were forced to move into refugia, with discontinuous and small patches. Subsequently, postglacial radiation from the refugia populations followed. In contrast to the high genetic variation detected in refugia populations, lower genetic variation usually existed in the target populations after the postglacial radiation, probably due to their small colonist size. It is almost true for oaks at the species level. In some rarer Pyrenean oak species, for example, many fewer haplotypes were found compared to the predominant species (Dumolin-Lapégue et al. 1999) . Hence, in reconstructing phylogeographic patterns of plants surviving glacial cycles, the history that both genes and populations have evolved through should not be ignored.
The relative age of the cpDNA vs. mtDNA haplotypes is one of the keys to understanding genome uncoupling. Failure in determining their relative age would cause difficulties in explaining the distribution and maintenance of the genetic polymorphism in populations and species. Given different evolutionary rates in cpDNA and mtDNA (Wolfe et al. 1987) , it is difficult to determine which polymorphisms are the more ancient, if merely depending on the haplotype or Genome Vol. 43, 2000 allele numbers. That is, a locus with higher haplotype numbers in one genome (such as cpDNA in this case) may not necessarily be older than the one with fewer haplotypes in another. Dumolin-Lapégue et al. (1998) suggested an older origin of most chloroplast DNA haplotypes than mtDNA based on the local distribution of cpDNA-mtDNA combinations. Recurrence of 4-bp inversions was called for as the mechanism for the new generation of alleles c and d for the mtDNA locus nad4-1/2. However, the contrasting distribution of cpDNA ves. mtDNA haplotypes must be interpreted in an opposite way, if mtDNA inversions do not occur recurrently as stated above. When mtDNA-cpDNA combinations were examined closely, their local distribution in French oaks was simply ascribed to the restricted distribution of most cpDNA haplotypes. In contrast, both mtDNA haplotypes c and d were widely distributed in these populations. Based on the high polymorphisms (mixed c + d type) centering in the refugia populations and the widespread pattern in geographic distribution, the mtDNA haplotypes would have higher probabilities of being older than the cpDNA haplotypes. In other words, the mtDNA mutations (c and d) may have occurred before the glacial expansion and the origins of most cpDNA haplotypes. Subsequently cpDNA mutations occurred and yielded most new cpDNA-mtDNA combinations.
In contrast, if having a constant stepping-stone model (cf. Hamrick and Nason 1996) , for a locus with two polymorphic alleles, given such a long time span (since their formation), one of the alleles would have a high probability of being drifted out within populations simply by stochastic processes, according to the coalescence theory. Apparently, the dispersal of European oaks did not follow such a model. On the contrary; amidst the coalescence process of the alleles c and d in European oaks, the geological events created an opportunity for the mixture of both alleles, which unquestionably have extended the lineage sorting period (LSP) of the alleles (cf. Hoelzer et al. 1998) .
Hence, for a newly established refugia population, given a relatively short span of time after colonization (cf. Petit et al. 1997) as well as the absence of intergenome recombination in organelle DNAs, the allele composition would have a low probability of attaining homogeneity due to insufficient evolutionary time for coalescence (cf. Hudson 1990; Futuyma 1998 ). Under such circumstances, an accurately resolved gene tree may not be consistent with the species tree because of lineage sorting of the ancestral polymorphisms (cf. Moore 1995) . Therefore, whether the organelle genomes should be associated must be highly regulated by the history they survived.
According to the neutral theory, it is evident that the probability of coalescence depends on the inverse of maintenance of effective population size. A large population size is necessary for the heterogeneity maintenance (Wade and McCauley 1990) , which was coincidentally indicated by the large survey size of the internal nodes in the cpDNA network (such as cpDNA haplotypes 1, 10, and 11) (cf. Table 2 of Dumolin-Lapégue et al. 1998) . It is interesting to note that the ratio of mitotype c over d varied in associating with the cpDNA haplotypes that have the mixed mtDNA type, such as a higher c in lineage C, a higher d in the haplotype 10, and a higher c in the haplotype 11. The relative dominance of the mtDNA alleles revealed the random nature of the coalescence process.
In contrast to the genetic heterogeneity in the internal nodes, the homogeneous composition of mtDNA in most cpDNA haplotypes locating at terminal nodes may be associated with possible founders from the above refugia populations during the postglacial radiation. With small population size, although given a shorter time period than the source populations, genetic drift would lead to the rapid loss of one of the alleles in the populations. The mitotype c exclusively exists in the cpDNA lineage A, suggesting a possible loss of the allele d. Likewise, a loss of the allele c occurred in the haplotypes 12, 18, 21, 24, and 25 independently.
In the mtDNA nad1-2/3 locus of French oaks, the allele b was predominant over the allele a, which was associated with the lineage A of the cpDNA as well as the mtDNA type c of nad4-1/2 (Fig. 1) solely. The high level of phylogenetic congruence and the restricted range of distribution indicated a possibly recent origin (cf. Dumolin-Lapégue et al. 1998) . However, in addition to the cpDNA lineage A, the haplotype 18 of Italy also had the mtDNA allele a (see Fig. 3 of Dumolin-Lapégue et al. 1998) . The generation of the allele in oaks seemed to have occurred via a parallel evolution, unless the mtDNA type a distributing in the lineage A can be proven different from that of the haplotype 18. This can not be simply judged from the original data, since the identification of haplotype a depended on SSCP analysis. In addition, nucleotide sequencing was conducted only with the cpDNA haplotypes 1 (two individuals) and 7 (two individuals), but not haplotypes of the lineage B (Dumolin-Lapégue et al. 1998) . The absence of an A1A2 fragment of 302 bp, which defined the haplotype a, can be simply derived from substitution at any site(s) of the A1 primer (Fig. 1 of DumolinLapégue et al. 1998 DumolinLapégue et al. , p. 1326 .
Although lineage sorting coupled with the migrant-pool model elucidated the biased distribution of mtDNA polymorphisms, a single type d, instead of a mixed mtDNA type, detected in the ancient cpDNA haplotype 17 (Fig. 3 of Dumolin-Lapégue et al. 1998) , which was located in the very center of the network, indicates a flaw in this hypothesis. A secondary loss of the type c, such as via a recent bottleneck, may be cited to explain the homogeneous genetic composition of the ancient populations, whereas no evidence has indicated the fluctuation of population size. Besides, a suspicion can be aroused about the capability of identifying the mixed mtDNA type with very limited samples (even just one individual) for screening the mtDNA composition in the original study (Dumolin-Lapégue et al. 1998 , p. 1324 .
How often is the cpDNA-mtDNA disassociation found in the natural populations? Apparently it depends on the migration mode of the plants and the geological history they evolved through. For species that were cultivated recently, the cpDNA and mtDNA seemed likely to have consistent phylogenetic patterns. In contrast, when species survived glacial cycles, due to specific migration mode and the effect of lineage sorting, their organelle DNAs would be inclined to have disassociated phylogenies. In French oaks, the disassociation between cp and mt haplotypes is inevitably regulated by the effects of lineage sorting, as the migration during glacial expansion followed by postglacial recolonization of the relic species has been commonly recognized. In contrast to Dumolin-Lapégue et al. (1998) , in this analysis, intramolecular recombination of the mtDNA nad4-1/2 locus is seen as a historic event, which has created the eventual resource of the genetic variance of the slowly evolving mtDNA in oaks. With effects of lineage sorting, the phylogenies inferred from chloroplast and mitochondrial genomes are expected to be discordant.
